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THE SYSTEMS AND CONTROLS LABORATORY

The Systems and Controls Laboratory was started or devices. A major goal of this work has been tg
in 1964 to encourage graduate research and develop- accomplish a useful synthesis of analytical and
ment on engineering systems, with emphasis om experimental methods in regsearch and development of

|| improving the understanding of basic elements and advanced engineering systems for effective use by
) devices and bridging the gap between theory and engineers and scientists working on future aero-
practice. The experimental equipment and facilities space gystems.

of this systems laboratory have been provided for
carrying out experimental investigations on devices

and systems involving many of the different engi-

neering disciplines. Staff members, graduate Financial support for this program is derived
fellows, and gradveate assistants are now working on from the University, the National Aeronauties and
projects and thesis topics of vital imterest to Space Administration, and the Harry Diamond Labora-
engineers concerned with the advanced design and tories. A major share of the projects 1n the Sys-
development of new engineering systems. tems and Contrels Laboratory sre supervised by Dr.
' Much of the work involves mathematical and J. L. Shearer, Rockwell Professor of Engineering,
computer modeling and analysis and the experimental assisted by other members of the graduate
investigation of breadboard and prototype systems faculty.
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STATIC CHARACTERLSTICS OF LAMINAR
PROPORTIONAL AMPLIFIERS

Gary V. Smith, Graduate Assistant in M. E.

On-going research in the SCL 1s concerned with
determining both experimentally and analytically the
response characteristics of laminar proportional
amplifiers. As previously reported [16], the first
phase of this research effort was to qualitatively
study the phenomena invelved with laminar jet ampli-
fication by means of flow visualization of large-
scale working models of the laminar~jet amplifier.

The second phase of the experimental portion of
this program was to determine the static character-
istics of the amplifier shown schematically in Fig.
1. The amplifier model was composed of stacked
laminates having a supply nozzle exit width of 2.54
mm. The physfical size of the element and the working
fluid (MIL-H-5606) were chosen so that easily
measured flow rates and pressures could be obtained.
All pressures were measured manometrically while
flow rates were obtained from variable-area flow
meters. The approximate location of the pressure
taps for the measurement of supply, contrel and re-
celver pressures 1s shown in Fig, 1.

Experimenfal characteristics which have been
obtained include supply, input, transfer, output,

and noise characteristics. The range of variables
investigated is presented in Teble 1.
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Figure 1 Schematic of Laminar Proportional Aeplifier

TABLE I

Range of Variahbles Investigated
Aspect Ratio (H/W)
(amplifier height/supply 0.5, 1.0, 1.4
nozzle wideh)
Reynolds Number (VH/y) 700 to 1400
Mean Control Pressure 0 te 30% of
P = (Pcl + Pcz)/2 Supply Pressure

A

Presented in this report is a small portion of
the data taken showing typical characteristics and
trends of the laminar proportional amplifier.
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In obtaining the supply characteristics, 1t was numbers of approximately 700, 1050, and 1400. Figure
found that for a given aspect ratio the supply flow 4 presents the Input characteristics Ffor an aspect
and, hence, the Reynolds number depended upon the ratio of 1 and a Reynolds number of 1100 as a plot
difference hetween the supply pressure and the mean of control flow versus control pressure normalized
contrpl pressure. Figure 2 presents the data for an with respect to the supply flow and supply pressure
aspect ratio of 1 and for mean control pressures of respectively. Both null characteristies {i.e. P.1 =
up te 30% of the supply pressure. By plotting the P.2) and push-pull characteristics (i.e. P 1 + P =
supply flow and Reynolds number versus the difference constant} are presented on this figure. Eariations
between the supply pressure and mean contrel pressure in both the null and push-pull characteristics over
times the square of the aspect ratio, the supply char- the previously mentioned aspect ratioc range and
acteristics for aspect ratipes of 0.5, 1.0, and 1.4 Reynolds number range were found to be slight when
collapse into & single curve as indicated in Fig. 3. control flow and control pressure were normalized with
Thus, for a given aspect ratic and mean contrel pres— respact to the cperating supply flow and pressure Te-
sure one may easily obtain both the supply flow and spectively. It should be mentioned that in taking
Reynolds number for a given supply pressure or vice this data the supply pressure was maintained canstant
versa. which yielded a warlation in the supply flow and Rey-

nolds number with changing mean control pressure,
The supply flow used in the normalization in Fig. &
Datas were taken on the input characteristics for is that supply flow cccurring for a zerc mean control
aspect ratios of 0.5, 1.0, and 1.4 and for Reynolds pressure.
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Figare 3 Supply Characteristics for Aspect Ratios
of 0.5, 1.0, and 1.4
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Figure 4 TInput Characteristics for an Aspect Ratie
of 1 and a Reynolds Number of 1100

Also of importance in describing the input char-
acteristice of the laminar proporticnal amplifier is
the degree of cross-coupling between the two control
ports. One method of indicating the degree of cross—
coupling is a plot of Pp2 versus Py with Q.p held
constant for a particular mean control pressure, as-—
pect ratio and Reynolds number. Figure 5 presents
this data for an aspeect ratio of 1, Reynolds number
cf 1100 and mean control pressures of {, 10, 20, and
30% of the supply pressure. If the control ports
were uncoupled one would chtain a line with zere slope
since Pe) could be varied without chanmging Pop. If
Pop versus P.; yielded a line with a slope of 1, any
change in P.j would be accompanied by an equal change
of P.g. Thus, the slepe of the data at a given mean
control pressure is a measure of the degree of cross-
coupling between the two control ports. It is not
surprising that the device exhlbits a fairly Ilarge
degree of cross—coupling since the control port knife
edge has a setback of only one half of the supply noz-
zle width.

Transfer characteristies were obtained for the
aforementioned aspect ratlo range, Reynolds number
range and mean control pressure range. A typical set
of these characteristics 1s shown in Fig. 6 for an
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aspect ratio of 1, mean control pressure of 107 of
supply pressure and three operating supply pressures
corresponding to three different Reynolds numbers.
The data Is presented in the form of blocked dif-
ferential recelver pressure versus the differential
push~pull contrel pressure. Foth quantitles are nexr-
malized with respect to the supply pressure. Asis
avident by this figure, the blocked load pressure gain
of the laminar proportional amplifier is essentially
the same for all three supply pressures, although the
higher Reynolds numbers exhibit a larger operating
range. The device alsc possesses good saturatien
characteristics. It was found that the gain of each
aspect ratio tested was independent of the Reynolds
number {over the aforementioned range) for mean con-
trol pressures of up to 20% of the supply pressure.
Above this wvalue the pain was found to vary with
Reynolds number with the higher Reynolds numbers
having the larger gain. However, it was found that
the gain of the device was strongly dependent upon
the mean centrol pressure. This is shown in Fig. 7
as a plot of the normalized differential receiver
pressure versus the normalized differential mean con~
trol pressure for am aspect ratio of 0.5 and a Reynolds
number of 720. As is seen, the pressure gain of the
device decreases with increasing control pressure.



Figure 5 Crusé-Coupling between Control Ports

In obtaining data on the output characteristics
of the laminar proportional amplifier, it was deter—
mined that considerable loading effects were present.
Therefore, four different loading conditions were in-
vestigated. These four cases are described below:

Case I. This loading condition corresponded to
the case of one oputput port blocked while the out-
put through the other port was modulated by changing
the opening of a needle valve.

CASE IT. For this case one cutput part was "open"
vhile the other was modulated by a needle valve. ‘The
fixed loading on the output port called "open'" was

¥
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defined for null {(i.e. AP, = 0) conditions as the
load required for the flow through the "open" port
to equal the flow through the modulated port when
the needle valve was fully open.

CASE TIT. This loading condition corresponded
to the case when the unmodulated outport port resis-—
tance was set at a "nominal®™ load and the other out-
put port was modulated by & needle valve, This
"nominal" load was defined for null conditioms as
the load required for the flow through both ports
to be equal when the modulated port was set at the
load required for the receiver pressure to equal
approximately 70% of the blocked load pressure.



Figure 6 Transfer Characteristics for an Aspect
Ratio of 1 and Various Reynolds Numbers

Figure 7 Transfer Characteristies for an Aspect Ratio
of 0.5% and Various Mean Control Pressures



CASE IV For this leoading condition the flows
through the output ports were modulated so that they
were always equal under null conditions.

Figure 8 presents the gutpul characteristics for
an agpect ratio of 1.0, Reynalds number of 700, wmean
control pressure of 10% ¢f supply pressure, Case I11
loading, and for various walues of the dtfferential
push-pull contrel pressure. This data in the form
of normalized output flow versus recelver pressure
indicates a low output impedance especially for
larger loads.

Space does not permit detalled data presentation
of the effects of aspect ratie, Reyncolds number,
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megn control pressure and loading onm the output
characteristics. However, general observations which
can be made about the cutput characteristics are:
1} appreciable coupling exists between the output
ports, 2) receiver pressure recovery increases with
increasing mean control pressure, supply pressute
(or Reynelds number), and/or aspect ratio, 3) out—
put oscillatiens become pronounced for supply Reynolds
numbere zbove 1300, 4} output impedance decreases
with increasing aspect ratio, 5) ancmalies in the
output characteristics occur under certain conditions
which appear to be at least functions of the output
loading, mean centrol pressure, supply pressure and
aspect ratio.
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Figure 8 Output Characteristics for an
Aspect Ratio of 1
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Figure 9 Differential Receiver Noise Characteristics

The differential receiver pressure noise charac—
teydstics of the laminar proporticnal amplifier
as a function of aspect ratio, Reynolds number and
mean control pressure were also investigated. Power
spectral densities of the noise were obtained for the
previously mentioned aspect ratio range and Reynolds
number range. Figure 9 1is a plot of the true EMS
value of the normalized differential receiver ncise
divided by the aspect ratio versus the actual supply
Reynolds number for aspect ratiecs of 9.5, 1.0, and
1.4 and a mean control pressure of 15% of the supply
pressure, From this figure it appears that the noise
is proportional to the aspect ratioc and increases
with increasing Reynolds number, This data was ob-
tained for a bandwidth of 200 Hz, for zeroc differ-
ential control pressure, and for blocked outputs.

Current work on the laminar amplifier iz involved
with the analytical prediction of amplifier character-
istics as well as experimental measurements of dynamic
performance.

This work has been supported primarily by DOD
Contract No. DAAG 39-73-C-0213, having been ini-
tiated by support from NASA Grant NGR 39-009-023.
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VELOCITY PROFILES FOR LAMINAR FLUIDIC JETS
John Hochstein, Graduate Assistant in M. E.

In recent years an interest in operating fluidic
devices with laminar flow has developed., A major
advantage of cperating in the laminar regime, as op-
posed to the turbulent regime, is the possibility of
attaining a steeper wvelocity profile due to less
entrainment of surrounding filuid. This will result
in the ability to achieve higher amplifier gains.
Another obvious advantage is that less emergy will
be required to drive the system since the velocities
required are lower. The laminar jet is more suited
to pressure-field switching which may preve te be
another advantage. Another advantage is decreased
noise levels.

The purpose of this research is to detevmine the
actual velocity profiles downstream of a typical
laminar fluidic jet and to develop an  analytical
method of predicting them. A large scale model with
an aspect ratio of one and a nozzle width of 12.7
mn iz being gused in order to achleve sufficlent
spatial resolution of the f{low neasuring sensor.
Figure 10 1s a schematic of the experimental apparatus.
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Figure 10 Experimental Set-up Ewmplayed to
Make Velccity Profile Measurements

A hot wire anemometer has been selected as the
fluid velocity sensing device and air as the medium.
The hot-wire was selected for two main reasons.
First it 1s capable of measuring low velocities (i.e.
.3mfseec) which other devices, such as a pitot tube,
are not capable of doing. Secondly, the probe 1is
of sufficiently small size to obtain adequate spatial
resolution without an excessively large jet. A trade-
off in jet size was necessary since a larger jet
would improve spatial resolutiom but would also lower
the maximum velecity at which laminar flow could be
assured. Since a jet of 12.7 mm width was necessary
to obtain the desired resolution, velocities down
to 0.03 m/sec must be measured. This presents a
significant problem since at these velocities the
hot-wire heat transfer characteristics may no longer
te considered to be dominated by forced convection
relative tc natural cconvection effects. Thus a
linearizer is not being used since the gimple rela-
tions for higher velocity measurement ne longer hold.
The apparatus has been arranged in a vertical manner
in order to align the natural and forced convection
effects. It has been found [17] that such an align-
Tent will allow a more accurate measurement of ve-
locities in this low range. Work-to-date has shown
that such an alignment will allow measurement of
velocities down to 0.03m/sec with excellent repeat—
ability.

A stilling chapher has been provided to smooth
the flow before it enters the nozzle to provide a
smooth velocity profile leaving the jet. The hot-wire
will be traversed through the veloclty field with
the aid of a bench lathe cross~feed mechanism attached
to the jet stand.

The goal 15 to compare experimentally cbtained
velocity profiles with analytically predicted pro-
files. The two analytical solutions which will be
involved are the solution for a free two-dimemsiomal
laminar jet issuing from an infinitely narrow slit
and the solution for the mixing of two parallel Llami-
nar streams of different velecities,

Tnis work has been support

Grant NER.39—009—023.

Y

‘partly by NASA
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SPEED CONTROL SYSTEM EMPLOYING
A JET PIPE VALVE

Tran—Cam-Huan, Graduate Student in M. E.

An M. §. thesis entitled, "Use of the Jet—Pipe
Valve in a Speed Control System”" has been completed
by Mr. Tran~Cam-Huan., The following abstract is taken
from this thesis:

"An analytical and experimental investigation
of a speed regulation system for steam turbines is
presented. An actual control system, employing an
electronic contreller and a pneumatic actuator, was
etudied experimentally. A wawve generator driwven by
a4 steam valve positiomer with an intermediate driving
bar and pully system was found to simulate satis-—
factorily the function of the steam turbine in the
laboratory tests, glving a useful speed signal in
the form of a frequency-modulated sinusoidal wave.

The main focus of the study centered on investi-
gation of the jet-pipe wvalve. Predicted and measured
characteristics were compared revealing some defi-
ciencies in degign of components. The desigm of
the receiver block assembly was revised to eliminate
leakage betwean the receiver passages, making it
possible te achieve the predicted characteristics,
obtained from earlier work by K. N. Reid and associ-
ates at M.L.T.

Scme deficiencies were found alse dn the
electronlc contreller, especlally in the derivative
part of the P.I.D. (proporticnal-plus—integral-plus—
derivative) contrellet and in the set—polnt clreuit.

During these experiments the P.I.D. controller
ourput revealed P.I. (proportional-plus-integral)
control, but the expected derivative asction was ab-
sent. However, a unit which was supplied later
in the program did have the derivative acticn.

Based cn a brief analysis of the electronic
control circult, suggested modifications have been
proposed. However, limitations of time and money
prevented their implementation.

Successful operation in the laboratory with
compressed air was achieved during brief clesed
locp tests with the modified jet-pipe walve and
P.I1. control, using a DC signal for set-point adjust~
ment."

This work was accomplished with the help of an
A.I.D. Fellowship.

POWER AMPLTFICATION WITH A VORTEX VALVE
William_D. Manpieri, Graduate Assistant in M. E.

in M. S. thesis by William D. Mangieri, graduate
student in M. F., has been completed having the above
title [18], 1Im this thesis the characteristics of a
vortex valve, operating with variable upstream pres-
sure and fixed downstream pressure, are presented.

This data is needed in order to be able to use the
vortex valve in corbination with a fixed upstream
resistance as a fluidic flow amplifier. A typical

set of output pressure vs. output flow curves for
such a vortex valve are shown in SCL Report No. 16,
along with the curve for a fixed upstream orifice [16].

QF POOR QUALITH,
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Input pressure vs. flowrate curves were also
obtained for this valve in order to design proper
drive conditicns at the point. 4 typical family
of Input characteristics is shown in Fig. 11

Exploratory tests were alsc run using the vor-
tex valve as the only variable resistor in a four-
arm bridge to drive a double-acting pneumatic ram
in open loop fashion, with reasonable success.
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When opposing input-controls were used however,
to achleve a summing effect at the valve input, it
was found that control port interactien is so strong
that it could not be used as a summer when operated
with varisble upstream pressure.

This work has been supported by NASA Grant
NGR 39-009-023.
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Figure 11 Input Pressure-Flowrate Curves for Vortex Valve
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TEN-YEAR SUMMARY OF THESES COMPLETED IN THE SYSTEMS AND CONTROLS TABORATORY

The following chronological list has been prepared to summarize the thesis research that has been con-
ducted in the Systems and Controls Laboratory during the past ten years.

Author Title of Thesis, Date, etc. Financial Support

Elia, Frederick .J. "A Pneumatic Function Gemerator', M.S5. in M.E.,

June 1965 Mech. Eng. Dept.
Ruppert, David L. "Simulated Response of & Hydraulic Stepping

Motor", M.5. in M.E., June 1963 NASA {part)
Herritr, Hal H. "Control of Closed Loop Systems Having Dead

Time", M.S. in M.E., Sept. 1945 Ordnance Research Lab.
Martin, Raymond P. "A Ppeumatic Stepping Motor", M.5. in M.E,

Dec. 1965 NASA
Harper, Richard T. "An Application of the Free Plston Prineiple to

Steam Powered Air Compression”, M.S. in M.E.,

Sept. 1968 Ordnance Research Lab.
Justice, Maleolm C. . "The Design of & Low-Inertia, Shell-Type, D-C

Mogor”, M.S. in M.E., Dec. 1967 HASA
Tamulis, John C. "Sources of Signal Noise in Fluid Amplifiers™, NASA

Ph.D. in M.E., Dec. 1967 ‘ IBM Fellowship
Bettoli, Roberto "Experimental Study of Spreading of Semi-Con-

[ined Jets (Turbulent Mixing Between Flat
Plates of a Submerged Jet Formed by Rectangular
Cross Section Nozzle with Particular Emphasis
on Applications in Fluidies)}"™, M.§. in M.E.,

March 1968 HASA
Tomek, Reinhold E. "Yhermal Separation Control Applied to Electro-—

Fluidic Switching in a Straight Walled Diffuser”, NASA

Ph.D. in M.E., Sept. 1968 IEM Fellowship
Stone, Michael "Design and Implementation of a Real-Time Data

Acquisition System', M.S. in M.E., Dec. 1968 PDP-9 Computer
Gray, Richard W. "Effects of Upstream Disturbance Intensities on

the Spreading of a Semi-Confimed Jet', M.5. in

M.E., June 1969 NASA
Song, Moon-Bum "Experimental Study of an Oscillating Vane—

Digital Flew Rate Sensor”, M.S. in M.E., June NasA

1969 USAF Fellowship
Carlson, Robert J. "The Frequency Response of Pneumatic Trans—

mission Lines of Rectangular and Round Cross-

Sections™, M.§. in M.E., June 1970 Bell Telephone Labs.
Leonard, Robert &. "A Simplified Model for a Pluid Transmission

Line", Ph.D, in M.E., June 1970 Small Industries Research
Gillespie, Thomas D. "An Analytical and Experimental Study of the

Influence of Swirl on Choked Nozzle Flow't,

Ph.D., in M.E., Dec. 1970 NASA
Stabley, Robert E. "Self-Optimization of a Simulated Prime Mover

Employing Electrohydraulic Actuation', M.5. in

M.E., Dee. 197G NASA
Huber, Robert R. ""Modeling Surges in Liquid Filled Lines" 0 M.8. Small Industries Research

in M.E., March 1971 NASA (part)
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TEN-YEAR SUMMARY OF THESES COMPLETED IN THE SYSTEMS AND CONTROLS LABORATORY {(Cont'd.)}

Author

Mayne, Roger W.

Fahnestock, Melvin R.

Enopp, Arthur A.

Landsburg, Kurt

Gaskill, George

Stiffler, Alan K.

Boal, Dilip X.

Mangieri, William M.

Tran-Cam-Huan

Fowler, Domald W.

Title of Thesis, Date, etc.

"Study of Simple Extremum Controllers Emphasizing
Fluidie Implementation", Ph.D. in M.E., March 1971

"Investigation of a Bistable Fluidic Amplifier

Operating with Liquids at Low Reynolds Numbers",

M.5. in M.E., June 1971

"4 Study of Receiver Pressure~Flow and Vent
Flow Characteristics of a Fluidic Rectifier™,
M.5. in M.E., Jume 1971

"Loading Effects on the Response of an Analog
Fluid Amplifier', M.S, in M.E., June 1971

"The Experimental Development of a Hydraulie
Stepping Motor", M.S. in M.E., Sept. 1971

"Sinusoidal Excitation of a Free Turbulent
Jet", Ph.N, in M,E., Sept. 1971

"Investigation of a Fluldfc-Rectifier-Type
FM-to-DC Signal Conversion System, M.5. in
M.E., Dec. 1972

"Power Amplification with a Vortex Valve",
M,5. in M.E., Nov. 1974

"Uge of the Jet-Pipe Valve in & Speed Control
System", M.S. in M.E., Nov. 1974

"Respeonse of Fluidie Systems to Alternating
Signals™, M.S. in M.E., (in draft form)

For further information about the projects
mentioned in this report or the activities of the
Systems and Controls Laboratory, inquiries should

Financial Support

NDEA Fellowship .
NASA (part), Optimal Control
Cerp.

Small Industries Research
NASA

ARD
NASA (part)
NSF Faculty Initiation Grant

NASA

WASA & United Aircraft

ARD (part)
NASA
A.L.D,

National Science Foundation

.EF be addressed to: Director, Systems and Controls
* Laboratory, 214 Mechanical Engineering Building,
University Park, PA 16802.
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